A rapid and sensitive method has been proposed for the determination of chromium and cobalt in seafood samples by flame atomic absorption spectrometry combined with a dynamic ultrasound-assisted acid extraction and an on-line minicolumn preconcentration. The use of diluted nitric acid as extractant in a continuous mode at a flow rate of 3.5 mL min -1 and room temperature was sufficient for quantitative extraction of these trace metals from seafoods. A minicolumn containing a chelating resin was an excellent device for the quantitative preconcentration of chromium and cobalt prior to their detection. A flow-injection manifold was used as interface for coupling all analytical steps, which allowed the automation of the whole analytical process. A Plackett-Burman experimental design was used as a multivariate strategy for the optimization of both sample preparation and preconcentration steps. The method was successfully applied to the determination of chromium and cobalt in seafood samples.
Introduction
The public attention to undesirable chemical substances in seafood products from natural environments and from fish farms is increasing. Among the substances of special concern are the heavy metals, due to their toxicity and their accumulation in biological marine tissues. The amount of chromium in the diet is of great importance, as Cr is involved in insulin function and lipid metabolism. Cobalt plays an important role in the metabolism of iron and synthesis of haemoglobin, and it is also an integral part of vitamin B12 and other biological compounds. Nevertheless, these metals can also produce toxic effects when the metal intake is excessively elevated. 1, 2 Trace metals are usually determined by flame atomic absorption spectrometry (FAAS) due to its rapidity and simplicity. But this technique is not sensitive enough to allow the determination of metals at very low concentration levels. Therefore, a separation and/or preconcentration procedure is frequently required as a previous step before FAAS detection. Thus, several solid phase preconcentration methods were proposed to improve the sensitivity of chromium and cobalt determinations.
These preconcentration strategies involve adsorbents such as silica gel, 3, 4 chelating resins, 5, 6 and microorganisms immobilized on solid supports. 7, 8 The use of flow injection (FI) sample preconcentration system enables trace metal determinations in complex diluted samples using conventional FAAS.
In this sense, a number of FIpreconcentration methods including a minicolumn containing a chelating resin, [9] [10] [11] an ion exchange resin 12 or a solid sorbent 13, 14 have been reported for trace chromium and cobalt determination.
On the other hand, as recently reported by Luque-Garcia and Luque de Castro, 13 the use of ultrasound energy for accelerating or assisting an analytical process is a current practice in analytical chemistry. Thus, ultrasonic extractions coupled with FI systems have been proved to be successful for achieving quantitative recoveries from various environmental matrices. 11, 15 Our investigation team proposed for the first time a FI manifold as an interface to couple ultrasound-assisted extraction, preconcentration and FAAS detection, allowing automation of the whole analytical process. 16 For the first time, in this work, our investigation team proposed a flow injection method for the determination of Cr and Co. In this research, we used a chelating iminodiacetic acid resin (Serdolit Che) for on-line preconcentration of metals from the acid extract of the sample. The aim of this work was to develop and establish an analytical method for Cr and Co determination in seafood samples using a continuous ultrasound-assisted system for extraction, on-line preconcentration with commercial chelating resins and determination by FI-FAAS.
Experimental

Reagents and chemicals
Ultrapure water of 18.2 MΩ cm -1 resistivity, obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA) was used for the preparation of the reagents and standards. Hydrochloric acid, nitric acid (Scharlau Chemie, Barcelona, Spain), ammonium acetate (Merck, Germany) and 1000 μg mL -1 Cr and Co standard solutions (Merck) were reagent grade. Serdolit Che and Chelite P (Serva Electrophoresis GmbH, Heidelberg, Germany) with iminodiacetic acid groups and aminomethylphosphoric acid groups, respectively, were used as chelating resins, for Cr and Co preconcentration.
Apparatus
A Perkin Elmer Model 5000 atomic absorption spectrometer (Perkin Elmer, Shelton, CT-USA) fitted with Cr and Co hollow cathode lamps was used. The instrument was set at 357.9 and 240.7 nm. The spectrometer output was connected to a Perkin Elmer Model 50 Servograph Recorder with a range of 5 mV. As can be seen in Fig 
Sample preparation and procedure
Mussel samples were grinded, homogenized and freeze-dried (-40˚C). The rest of samples were cut in small pieces, dried at 50˚C, triturated and pulverized in a porcelain mortar. After sieving, fractions with a particle size less than 30 mm were taken.
Samples of 60 mg were directly weighed into the glass minicolumn. Then, the minicolumn was connected to the continuous manifold (Fig. 1) . First, the extraction circuit (2 mL) was loaded with the acid leaching solution (3 M nitric acid). Once the extraction circuit was closed by means of SV1, the leaching solution circulates through the minicolumn subjected to ultrasound energy for 2.5 or 2.0 min (for Cr and Co, respectively). The flow rate of the leaching solution was 3.5 mL min -1 . The direction of the flow was changed each 20 s in order to avoid sample accumulation at the end of the minicolumn. Then, the switching valve (SV2) was switched to its opposite position and the acid extract was homogenized in the mixing coil. After this, the acid extract channel converged with a buffer solution stream (16 M ammonium acetate) in order to obtain the optimum pH value.
The mixture was homogenized in a second mixing coil and then was passed through the preconcentration minicolumn, at a flow rate of 1.5 and 2 mL min -1 for Cr and Co, respectively. Then the samples were eluted by injection of a volume of 133.2 or 150.8 μL (for Cr and Co, respectively) of 3 M hydrochloric acid into a watercarried stream, which swept them to the FAAS detector where they were continuously monitored.
Results and Discussion
Optimization of the chromium and cobalt preconcentration
In order to study the behavior of the variables involving in this process, we built a factorial Plackett-Burman 2 ∧ 6*3/16 type III resolution design allowing five degrees of freedom plus one center point (Table 1) . Optimization experiments were performed on standard solutions of 2 mL containing 0.08 and 0.04 μg mL -1 of Cr and Co, respectively. The variable response was % recovery. The results of the analysis indicated that Cr and Co preconcentration processes are affected by one and two statistically significant factors, respectively: eluent concentration for Cr, and sample flow rate and sample pH for Co. All the other factors were not statistically significant in the studied range. Because the Plackett-Burman design only provides the tendencies to the optimum, several variables were fine-tuned outside of the framework of the design. The aims of this study were to decrease the eluent volume and its concentration, to increase the sample flow rate, and to establish the pH range for quantitative chromium and cobalt retention. Eluent flow rate and minicolumn diameter were fixed in 3 mL min -1 and 1 mm, respectively. The optimum conditions for Cr and Co preconcentration are listed in Table 1 . In order to carry out on-line the pH increase for a quantitative retention of the metals on the chelating resin, we developed a study of concentration, volume and flow rate of the ammonium acetate buffer solution. So, 16 M ammonium acetate solutions with a volume of 0.5 mL and a flow rate of 0.3 and 0.4 mL min -1 for Cr and Co, respectively, were selected as a compromise for the ammonium acetate channel.
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Optimization of the continuous ultrasonic acid extraction of chromium and cobalt
We also employed a Plackett-Burman 2 ∧ 6*3/16 design. This factorial design was applied to 60 mg of a CRM 278R mussel tissue (0.78 ± 0.06 μg g -1 Cr) and to a mussel sample (0.93 ± 0.01 μg g -1 Co). The experimental variables and their levels are listed in Table 2 . The results of these analytical data, prove that sonication time and nitric acid concentration were the significant variables for Cr and Co extraction from seafood samples.
To simplify the analysis, we selected 0 M hydrochloric acid, room temperature, 2 mL of leaching solution and a flow rate of 3.5 mL min -1 , since these parameters were not statistically influential factors. A possible reduction of the sonication time and the use of less concentrated nitric acid were studied outside the framework of the design. Thus, the optimum conditions achieved for continuous ultrasonic acid extraction of Cr and Co are listed in Table 2 .
Two sample variables that can affect the acid extraction process (sample particle size and amount of sample) were studied by an univariate mode. The results obtained indicated that sample particle size does not affect the extraction process at the levels tested (30 -100 μm) and that the maximum sample amount that can be used was 60 mg.
Features of the method
The calibration graph was run (n = 7) under optimum chemical and flow conditions for the whole process. Equations were: absorbance = 2.2 × 10 -4 + 0.39X (r = 0.999) and absorbance = 7 × 10 -7 + 0.40X (r = 0.999), where X is Cr and Co concentration, respectively, expressed as μg mL -1 . The precision of the whole process was verified using pieces of CRM 278R mussel tissue (0.78 ± 0.06 μg g -1 Cr) and a mussel sample (0.93 ± 0.01 μg g -1 Co). The results obtained, expressed as relative standard deviation, were 2.7 and 1.9% for Cr and Co, respectively. The limits of detection (LOD) based on three times the standard deviation (n = 30) of the blank were found to be 0.09 and 0.11 μg g -1 for Cr and Co, respectively. The sample throughputs, taking into account the global process, were about 13 and 16 samples h -1 and the preconcentration factors were 15.1 and 12.2 for Cr and Co, respectively. The accuracy of the method was checked by two different approaches: on the one hand, recovery studies were performed for Co on a mussel sample (0.93 ± 0.01 μg g -1 Co) spiked with 5 μg L -1 Co. Thus, a recovery of 98.0% was obtained. On the other hand, for Cr we used the CRM 278R mussel tissue, Community Bureau of Reference, Brussels, Belgium, with a certified value of 0.78 ± 0.06 μg g -1 Cr. The Cr content obtained (mean ± SD, n = 3) was 0.77 ± 0.03 μg g -1 , which agrees with the certified value.
Analysis of seafood samples
The proposed methodology was applied to determine Cr and Co in seafood samples. The results obtained were compared with those achieved by a conventional off-line sample digestion method with concentrated nitric acid; the preconcentration step was previously optimized by using the chelating resin and determination was done by FAAS. The results expressed as μg g -1 and their standard deviation (n = 3) obtained by these two methods are shown in Table 3 . To compare the results obtained by these both methods, we applied the paired t-test. As shown in Table 3 , the two methods do not give significantly different values; thus the agreement between the two methods is satisfactory at 95% confidence level.
Conclusions
An automated approach based on the coupling between an ultrasound-assisted extraction system with a preconcentration unit prior to a flame atomic absorption spectrometric detector is proposed for the determination of Cr and Co in seafood samples. The use of this dynamic approach allowed the extraction of this trace metals in a short time (2.5 and 2.0 min, Cr concentration/ µg g Critical value of t (P = 0.05) = 2.15; experimental value of t, 0.28 for Cr and 1.94 for Co. a. Conventional off-line sample digestion method with concentrated nitric acid, preconcentration step previously optimized by using the chelating resin and determination by FAAS. for Cr and Co, respectively) and the procedure is safer than acid digestion as neither pressure nor high temperature are present during the extraction procedure. The inclusion of a minicolumn containing a chelating resin (Serdolit Che, for Cr and Chelite P, for Co) before the detector is an effective strategy to improve the sensitivity of the FAAS for Cr and Co determination, and constitutes an important contribution to the development of new FI-FAAS methods for routine determination of trace Cr and Co in seafood samples.
